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Selective suppression of high order axial modes of the gyrotron backward-wave oscillator
gyro-BWO is investigated in theory and in experiment. The gyro-BWO interaction is much more
efficient in a down-tapered interaction structure, while it is also more susceptible to the problem of
axial mode competition in such a structure. Because higher order axial modes at a higher oscillation
frequency penetrate deeper into the interaction structure, application of distributed wall loss at the
downstream end of the interaction structure is shown to be effective for selective suppression of
these modes with minor effects on the efficiency of the desired fundamental axial mode. A stable
gyro-BWO operating in a single mode throughout the entire beam pulse is demonstrated on the basis
of this principle. Theoretical and experimental results are found to be in good agreement. © 2007
American Institute of Physics. DOI: 10.1063/1.2773708
I. INTRODUCTION
The rise and fall time behavior of a pulsed microwave
oscillator is a problem of academic interest as well as prac-
tical importance to radar and other applications. For pulsed
oscillators, the voltage and current depart considerably from
the design values during the rise and fall stages of a beam
pulse. As a consequence, different modes can be excited in
sequence or simultaneously during these transient periods,
thereby causing pulse-to-pulse phase and frequency jitters.1,2
In some cases, an oscillator can be locked into an early-
starting, undesired mode even when the beam pulse flattens
out at the design value. For gyrodevices driven by the elec-
tron cyclotron maser instability,3,4 this is an issue extensively
studied in theory5–8 and in experiment9 for the gy-
romonotron. The gyromonotron oscillation frequency is
largely fixed within the narrow bandwidth of the resonator
structure. Consequently, voltage and pitch-angle variations of
the electron beam during the rise and fall of the beam pulse
result in transit angle variations for all of the modes that
come into resonance with the electron beam. Each of these
modes can be excited over a duration in which its transit
angle varies through the optimum value . Mode com-
petition and suppression of competing modes have been con-
sidered under different detuning conditions and cathode/
anode voltage profiles during the rise time.5,6 As a general
rule,7,9 one finds a startup scenario in which the desired
mode has the lowest oscillation threshold so that it is excited
before the unwanted modes. The underlying physics is that
the existing mode tends to suppress the growth of other
modes.
However, recent studies10,11 reveal a radically different
pattern of mode competition in the gyrotron backward-wave
oscillator gyro-BWO with a weakly down-tapered struc-
ture. The oscillation always switches from a higher order
axial mode HOAM to the fundamental axial mode. This is
because the HOAM has the advantage of a longer effective
interaction length and hence a lower start-oscillation current
Ist, whereas the fundamental axial mode l=1 has a field
peak closest to the beam entrance and thus possesses a sig-
nificant advantage in its competition with the HOAMs
l1. Furthermore, the gyro-BWO has a broad range of
operating parameters. In addition to the rise/fall time varia-
tions, the magnetic field and beam voltage are also varied for
frequency tuning. As a result, there is at most a narrow pa-
rameter range in which the mode does not switch during the
beam rise and fall or when the frequency is tuned.
Thus, single-mode gyro-BWO operation will require the
selective suppression of HOAMs. In this paper, the distrib-
uted wall loss is proposed as an effective method for this
purpose. Upstream application of the distributed wall loss
has been effective in stabilizing a variety of unwanted oscil-
lations in the gyrotron traveling-wave amplifier.12–16 In the
current study, the distributed wall loss is applied to the
downstream portion of the gyro-BWO interaction structure.
Theory and experiment have both demonstrated the effec-
tiveness of this method for the following reasons. The axial
modes of the gyro-BWO are highly asymmetric in field
profiles.10,11,17 Under the same operating conditions, the
HOAMs penetrate deeper into the downstream circuit where
their fields also peak. Thus, the wall loss causes significant
damping and thereby raises the Ist of these modes. On the
other hand, the fundamental axial mode has the shortest axial
field length with a peak closest to the beam entrance. Con-
sequently, its Ist and interaction efficiency are both minimally
affected by the wall loss. By proper choice of the length and
resistivity of the lossy section, the fundamental axial mode
will be excited first and remain the only mode over a very
broad parameter space.
The model and numerical codes are discussed in Sec. II.
Simulation results are presented in Sec. III, which show the
effect of mode switching in the structure without the lossy
section and the selective suppression of the undesired modeaElectronic mail: krchu@phys.nthu.edu.tw
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by the lossy section. In Sec. IV, experimental verifications of
the simulation results are presented, followed by a brief sum-
mary in Sec. V.
II. CONFIGURATION AND NUMERICAL MODELING
The specific gyro-BWO under study Figs. 1f and 1g
is based on fundamental cyclotron harmonic interaction with
the TE11 mode. Heavy wall loss is applied to the last 3 cm of
the interaction structure. For the purpose of comparison, an
interaction structure of identical dimensions but without the
heavy wall loss Figs. 1a and 1b will also be studied.
Both interaction structures consist of a slightly down-tapered
waveguide 6 cm in length with a 0.45° taper angle, which is
connected to a uniform section 0.8 cm in length at the up-
stream end and to a cutoff section at the downstream end.
The uniform section models the sidewall coupler18,19 used in
the experiment. The down-tapered structure is chosen be-
cause it has the effect of significantly enhancing the interac-
tion efficiency.20
We have employed two codes for the theoretical study: a
single-mode stationary code13 and a multimode, time-
dependent, particle-in-cell code.11 In both codes, the electron
beam is treated as a perturbation to the waveguide. The
transverse field profile is assumed to be that of an unloaded
waveguide, while the axial field profile is self-consistently
evaluated by imposing outgoing and evanescent wave
boundary conditions at the upstream and downstream ends,
respectively.
A typical beam pulse is shown in Fig. 2, which gives the
real-time profiles of the beam voltage Vb, beam current
FIG. 1. a and b Profiles of wall radius rw and wall resistivity  of a gyro-BWO with copper interaction structure. c–e Simulated profiles of the field
amplitude solid curves and ohmic loss dashed curves of the first three axial modes at their respective Ist values. f–j Similar plots for a gyro-BWO of
identical dimensions, but with heavy wall loss =104Cu applied to a 3-cm section at the right end. Vb=95.6 kV,  =v /vz=1.08,
rc guiding center position=0.09 cm, vz /vz axial velocity spread=5%, and B0 uniform magnetic field=13.9 kG. In this and subsequent figures, the title
“without the lossy section” implies that the section is present, but without the heavy wall loss.
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Ib, and electron perpendicular-to-parallel velocity ratio 
=v /vz. Vb and Ib values shown in dashed curves are used
in the simulation to model the experimentally measured Vb
and Ib traces solid curves. The velocity ratio is obtained
from simulations of the magnetron injection gun used in the
experiment.
III. SIMULATION RESULTS
Field profiles at the flat portion of the beam pulse Fig.
2 are calculated with the single-mode stationary code. Fig-
ures 1c–1e display the linear field profiles for the first
three axial modes l=1–3 at their respective Ist shown in
the figure for the structure without the heavy wall loss.
When heavy wall loss is added to the last 3 cm of the inter-
action section, the field profiles are only slightly changed
Figs. 1h–1j. Regions to the right of vertical dashed lines
are cut off to the oscillation frequency f0 shown on the
figure. As discussed earlier, these profiles are characterized
by a high degree of asymmetry. HOAMs are seen to pen-
etrate deeper into the downstream region at a given mag-
netic field, indicating a longer effective interaction length.
In Fig. 1, the beam voltage 95.6 kV and magnetic field
13.9 kG correspond to the maximum efficiency point of the
experimental data. The electron perpendicular-to-parallel ve-
locity ratio 1.08 and guiding center position 0.09 cm are
based on electron gun simulation data. Here and in the ensu-
ing discussions, the term “without the lossy section” implies
that the section is present, but without the heavy wall loss.
Figure 3a shows the calculated Ist as a function of the
wall resistivity  of the lossy section. The HOAMs are
selectively suppressed as expected. As seen in the figure, Ist
of the l=1 mode is only slightly affected by the wall resis-
tivity, whereas Ist of the next two HOAMs increases with .
This results in a reversal of the Ist values for the l=1 and l
=2 modes at sufficiently high  values. The reason for the
reversal can be seen from Figs. 1g and 1h, which show
that the l=2 mode has a field profile much more concentrated
in the lossy region and hence much more strongly damped
by the wall loss. Because of its lopsided field profile, the l
=1 mode is insensitive to downstream wall loss unless the
wall loss is exceedingly high. As a result, up to the high end
of the resistivity range 2104Cu in Fig. 3, there is a neg-
ligible damping effect, but the field profile is modified by 
in a way which slightly decreases Ist, as is seen in Fig. 3a.
However, when  /Cu105, simulation results indicate that
Ist values start to increase monotonically with increasing .
Figure 3b shows the output power Pout and interac-
tion efficiency = Pout / Pb as a function of  at a beam
current of 5 A, which is optimized for maximum Pout of the
l=1 mode. Again, Pout of the l=1 mode depends weakly
upon , but it decreases sharply with  for the other two
modes. In fact, the wall resistivity has slightly enhanced the
Pout of the l=1 mode, which is probably due to a slightly
optimized field profile in the presence of the wall resistivity.
The enhancement effect has also been experimentally ob-
served Sec. IV. However, this is not a general trend, as will
be shown later in Fig. 8.
Based on the results in Fig. 3, we have chosen a wall
resistivity, =104 Cu, for further studies. Figure 4a shows
the Ist solid curves of the first three axial modes as func-
tions of Vb during the rise of the beam pulse. The beam
current Ib, dashed curves taken from Fig. 2 is plotted in the
same figure. The first intersection of Ib and Ist signals the
appearance of the first mode, which is the l=2 mode for the
structure without the lossy section. With the lossy section,
however, the l=1 mode has the lowest Ist Fig. 4b and will
therefore appear first.
The first appearance of the l=2 mode in the structure
without the lossy section suggests that there will be a switch
to the l=1 mode as Ib rises above the Ist of the l=1 mode,
because the l=1 mode has the competitive edge due to its
favorable field profile. This is borne out in the multimode
FIG. 2. Experimental voltage and current traces thin curves and their
polynomial fits dashed curves used for the simulation. The  curve is
based on the electron gun simulation data.
FIG. 3. a Simulated start-oscillation currents Ist vs  of the lossy section.
b Simulated output power Pout and interaction efficiency  vs  of the
lossy section at a beam current Ib of 5 A peak value of the beam pulse
shown in Fig. 2. Other parameters are the same as in Fig. 1.
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time-dependent simulation of a two-mode competition se-
quence shown in Figs. 5a and 5b at Ib=5 A. A time-
frequency analysis Fig. 5b of the output signal in Fig.
5a reveals that the first excited l=2 mode is immediately
suppressed by the l=1 mode as the beam current rises to
above its oscillation threshold, following a brief stage of
mode competition. The interaction efficiency is 20.9%
over the flat portion of the beam pulse. In contrast, for the
structure with the lossy section, the l=1 mode remains the
only mode throughout the beam pulse, reaching a peak inter-
action efficiency of 21.8%. In both cases, there is a continu-
ous variation of the oscillation frequency during the rise and
fall of the beam pulse, as is typical of oscillations in a wave-
guide structure.11
The l=3 and higher order modes play no role in the
interaction process. These modes all have a higher Ist Fig. 4
than the first two modes because of their weaker interaction
strength and hence are suppressed in the presence of the
l=1 mode even when Ib continues to rise to above their Ist
values.
IV. EXPERIMENTAL VERIFICATION
In the experimental setup, a superconducting magnet
provides the uniform magnetic field in the interaction region
and a single-anode magnetron injection gun generates the
electron beam with a simulated axial velocity spread of
5%. A sidewall coupler18,19 at the upstream end couples
out the circularly polarized TE11 mode with a transmission
loss of less than 1 dB over a band of 3.5 GHz. The ac
output signal is mixed with a 30-GHz local oscillator signal
for the time-dependent spectral analysis, while the output
power is measured with a calibrated crystal detector with an
estimated accuracy of ±5% at the frequency of the dominant
mode.
Figure 6 displays the measured temporal trace of the
output power and the time-frequency analysis of the output
signal throughout the beam pulse, with and without the lossy
section. Except for minor quantitative differences, the ex-
periment reproduces the essential features of the simulated
behavior in Fig. 5, including the time-dependent spectrum,
FIG. 4. a Experimental Ib dashed
line and simulated Ist solid lines of
the first three axial modes as a func-
tion of Vb for the interaction structure
without a lossy section. b Similar
plots for the interaction structure with
a lossy section. The  value as a func-
tion of Vb is shown in Fig. 2. Other
parameters are the same as in Fig. 1.
FIG. 5. a Simulated Pout and  as functions of time for the interaction structure without the lossy section. Peak  of the eventually dominant l=1 mode is
20.9%. b Time-dependent spectrum amplitude in color code of the output signal in a, showing mode switching during the beam rise time. c and d
Similar plots for the interaction structure with a lossy section, showing single-mode oscillation and a peak interaction efficiency of 21.8%. Ib peak
=5 A and other parameters are the same as in Fig. 1.
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the time duration of mode competition, and the predicted
order of mode transition. As predicted in Fig. 3, the interac-
tion efficiency with the lossy section 21.4% is higher than
that without the lossy section 19.1%.
In the absence of the lossy section, competition between
the first two axial modes leads to the eventual dominance of
the l=1 when Ib is sufficiently above the Ist of the l=1 mode.
This is shown in Figs. 7a and 7b, where simulation results
are indicated by solid lines and experimental data by circles.
There is a discrepancy of approximately 1 A on the simu-
lated and experimental transition currents. On the other hand,
the lossy section enables single-mode operation at any beam
current above the oscillation threshold, as is shown in Figs.
7c and 7d.
V. HIGH-ORDER-AXIAL-MODE SUPPRESSION
OVER THE TUNABLE BAND
Results presented so far indicate a dramatic contrast be-
tween the insensitivity of the l=1 mode and the sensitivity of
the l1 modes to the wall resistivity. This effect is due to
the intrinsic asymmetry of the axial mode profiles, and hence
FIG. 6. a Measured Pout and  as functions of time at Ib peak=5.04 A for the interaction structure without the lossy section. Peak  of the eventually
dominant l=1 mode is 19.1% b Time-dependent spectrum of the output signal in a. c and d Similar plots at Ib peak=4.96 A for the interaction
structure with a lossy section, showing single-mode operation with a peak interaction efficiency 21.4%. Other parameters are the same as in Fig. 1.
FIG. 7. a and b Simulated solid
curves and measured circles  and
oscillation frequency f0 of the domi-
nant mode as a function of Ib peak
for the interaction structure without
the lossy section. c and d Similar
plots for the interaction structure with
a lossy section.
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is not specific to the efficiency optimized magnetic field
13.9 kG used for the above illustrations. Its generality is
shown in Figs. 8 and 9. Figure 8 plots the simulated Pout and
 as functions of the oscillation frequency which is varied
through magnetic field tuning at three values of  /Cu.
Comparing Figs. 8a–8c, we find that the wall resistivity
only slightly affects the Pout and  of the l=1 mode. It raises
the peak Pout and  as has been shown in Figs. 3, 5, and 6
and lowers the band edge Pout and , resulting in a slightly
reduced 3-dB bandwidth. By comparison, the l=2,3 modes
are strongly depressed by the wall resistivity.
Figure 9 shows the simulated Ist at three values of  /Cu
over a magnetic field range corresponding to the frequency
range shown in Fig. 8. The l=1 mode is almost unaffected by
the wall resistivity over the entire tuning range, whereas Ist
curves of the l=2,3 modes at low magnetic fields, which fall
below the l=1 mode, are significantly raised by the wall
resistivity to values above the l=1 mode. Furthermore, the
reversal of Ist values occurs in a region where the l=1 mode
efficiency peaks. It should be mentioned that, in Figs. 8 and
9, we have used the same  value, which in reality is likely
to vary with the magnetic field depending on how the elec-
tron gun is designed and operated.
VI. SUMMARY
The gyro-BWO is characterized by a distinctive asym-
metry in axial mode profiles. In the nonlinear regime, this
results in a pattern of axial mode competition in favor of the
fundamental axial mode. However, for the gyro-BWO,
which employs the more efficient weakly down-tapered in-
FIG. 8. Simulated Pout and  vs the oscillation frequency f0 at Ib peak
=5 A and a wall resistivity of a  /Cu=1, b  /Cu=1000, and c
 /Cu=20 000. The variation of f0 is effected by variation of B0. Other
parameters are the same as in Fig. 1.
FIG. 9. Simulated Ist vs B0 at Ib peak=5 A and a wall resistivity of a
 /Cu=1, b  /Cu=1000, and c  /Cu=20 000. The range of B0 corre-
sponds to the frequency range in Fig. 8. Other parameters are the same as in
Fig. 1.
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teraction structure, the HOAMs penetrate deeper into the in-
teraction structure and hence tend to have an early start in the
linear regime. Application of distributed wall loss is shown
to be effective in selectively raising the oscillation thresholds
of these modes, while having minimal effects on the funda-
mental axial mode. On the basis of this principle, fundamen-
tal axial mode operation over the entire duration of the beam
pulse has been demonstrated in theory and in experiment.
These understandings are expected to provide a useful guide
for achieving a highly efficient gyro-BWO, which operates
in a single mode throughout the beam pulse as well as over
the entire tuning range to meet the requirements of phase-
sensitive applications.
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